T he debonding, or blanketing, of strands is an alternati ve method to draping strands for contro lli ng the maximum tensile and compressive stresses in the end regions of pretensioned concrete beams. Debonding strands can simplify girder construction by allowing straight strand patterns and e li mi na ti ng d rape d strands. Draping strands is more diffic ul t a nd poses greater hazards to worker safety. Therefore, debonding strands may present the producer with an economical altern ative to draping strands.
This paper presents the results of six fa ti g ue tests perfo rmed o n prete nsioned concrete beams that contained debonded strands. These test results are presented here as the second paper in a series of three papers dealing with the structural behavior of prestressed concrete beams made with debonded strands. The first paper 1 presented the theoretical background predicting the behavior associated with pretensioned beams made with debonded strands, plus the results from static testing. The third and final paper will contain specific design recommendations for the safe and reliable use of debonded strands in prestressed concrete beams. The fatigue test specimens are companion specimens to a series of beams that were tested statically (monotonically) to establish the anchorage behavior of de bonded strands. 1 • 2 • 3 In the static tests, strand slip and general anchorage failure occurred as a direct result of cracking (either shear cracking or flexural cracking) that propagated through the transfer zones of pretensioned strands.
Furthermore, anchorage failures were prevented in beams where the beam design effectively prevented cracking in the debond/transfer zone (the region of the beam, near the ends, that includes the debonded length plus the transfer zone of debonded strands). From these results, it was concluded that beams can be safely designed using debonded strands if the debonding pattern is designed so that the transfer zone of the debonded strands does not extend into regions of the beam where cracking is produced from ultimate loading.
From the static test series, small amounts of strand slip were observed, indicating the possibility that additional load cycles would further deteriorate strand anchorage. Fatigue tests were performed to determine:
1. How much additional bond deterioration would result under fatigue loading.
2. If beams tested in fatigue behaved similarly to their statically tested companions.
3. If the correlation between cracking and anchorage failure remains consistent.
Altogether, six fatigue tests were performed on four beam specimens. Each test subjected the beam to a minimum of one million cycles of fatigue, unless premature failure occurred from fatigue or an intermediate static loading. Static load tests were performed at initial loading and at intermediate stages to test the beams for loss of stiffness or loss of bond. These November-December 1994 intermediate static loads were overloads that exceeded the service load by factors of 1.3 to 1.6 to simulate large truck traffic or special permit loads that a bridge must sometimes support in the course of its service life. Each beam was "precracked" prior to fatigue testing.
In general, the behavior of the beam specimens subjected to fatigue matched the behavior of the statically tested beams. In the fatigue specimens, anchorage failures were caused by cracking that propagated through or near the transfer zone of debonded strands (the debond/transfer zone), just as in the beams that were tested statically. Furthermore, strand slips showed a significant tendency to stabilize under repeated loading; additional bond slips occurred largely through the application of large static overloads and not as a result of repeated applications of service load. Most importantly, these fatigue tests demonstrated that the anchorage of debonded strands can be ensured by designing the debonded length so that cracking is not likely to intersect the transfer zone of the de bonded strand.
CURRENT AASHTO AND ACI CODE REQUIREMENTS
Current code provisions of the American Concrete Institute (ACI) 4 and the American Association of State Highway and Transportation Officials (AASHT0) 5 governing the use of debonded strands require doubling the basic development length from that of fully bonded strand. An exception is allowed when the beams are designed so that the bottom fiber of the beam will remain in compression under service load.
The two times provision is based largely on empirical data obtained from tests conducted by Kaar and Magura. 6 In these tests, beam failures were caused by anchorage failure of debonded strands when the bonded length was only one times the bonded length given by Section 12.9.1 of the ACI Building Code.' On the other hand, when twice the bonded length was provided, the strands were fully developed and the beams failed in flexure.
In 1979, tests conducted by Rabbat Kaar, Russell, and Bruce 7 • 8 demon· strated that when zero tension was al· lowed in the concrete at service load. debonded strands required only om times the development length given by ACI 12.9.1.
Current code provisions reflect the behavioral uncertainty that surrounds debonded strands. Even though the AASHTO Specifications allow debonded strands, many state Departments of Transportation (DOTs) de not allow their use because of concerns that debonding strands may adversely affect the performance of pretensioned beams. For example, the Texas DOT currently does not allow debonded strands as an alternative to draping for I-shaped girders, but does employ debonded strands in box shapes and other cross sections.
THEORETICAL DEVELOPMENT
In early research conducted on anchorage of pretensioned wires, Janney (1954 ) 9 predicted that strand anchorage failures resulted from a "wave of high bond stress" that reaches the transfer zones of pretensioned wires. He reasoned that because prestress bond developed largely through the wedging action from Hoyer's effect, bond failure would result if the strand in the transfer zone was required to carry additional tension. Increases in strand tension cause the strand diameter to diminish; consequently, wedging action is destroyed. Flexural tests conducted by Hanson and Kaar 10 verified that pretensioned anchorage was destroyed when strand tension increased near the transfer zone.
Research at the University of Texas at Austin
12 demonstrated that increases in strand tension and subsequent anchorage failure are caused by cracking that propagates through or near the transfer zone of a pretensioned strand. When a crack forms in concrete, tension in the prestressing steel must increase to resist widening of the concrete crack. The additional tension in the strand is resisted by bond stresses between the concrete and steel. (Note that poor bond quality is evidenced by wide spacing between * "S" denotes staggered debonding; "C" denotes concurrent debonding.
flexural cracks as well as large crack widths.) Local bond slip of the strand must occur over some finite distance immediately adjacent to the crack, and roughly corresponds to increased tension in the strand . In this manner, 72 cracking near the transfer zone causes the "wave of high bond stress" that leads to anchorage failure. A behavioral model for predicting the bond failure of debonded prestressing strands was presented in the first publication of this series. ' The prediction for bond failure is directly related to a prediction for cracking through or near the transfer zone of a prestressing strand. In beams with debonded strands, anchorage failure of the debonded strands is caused by cracking through the transfer zones of the debonded strands, the debond/ transfer zone. Furthermore, because cracking in the concrete can be reliably predicted, bond failure of the prestressing strand can also be predicted.
TEST PROGRAM Specimen Description
Each of four 1-shaped specimens was cast monolithically. A detailed cross section of the beams is shown in Fig. 1 . Section properties are also given in the figure. Each beam contained vertical shear reinforcement; pairs of No. 3 bar stirrups were spaced at 6 in. (152 mm) on center without variance along the length of each beam. No special confining steel or anchorage details were provided on any strand.
Each beam was 40 ft ( 12.2 m) in length with eight 0.5 in. (12.7 mm) diameter strands in each beam, four of which were debonded. The debonding schedule is shown in Fig . 2 . The strands are labeled by letters of the alphabet, A through G, to simplify the reporting of observations.
The debonding schedule notes that Beams DB850-Fl and DB850-F2 contain debonding patterns labeled "staggered," denoting a debonding pattern where debonded length varies from strand to strand. For Beams DB850-Fl and DB850-F2, the debonded length for Strands B and G is 78 in. (1.98 m) whereas the debonded length for Strands D and F is only 39 in. (0.99 m). Conversely, the debonding pattern in Beams DB850-F3 and DB850-F4 is labeled "concurrent," meaning that the debonded length is the same for all debonded strands, 78 in. (1.98 m).
The debonded lengths were selected to test strand embedment lengths between 1.0 and 2.0 times the basic development length given in ACI 12.9 4 and AASHTO Eq. (9-32) 5 (reasons for choosing a debonded length depend on the cross section tested and are ex-plained in greater detail in Ref. 1). Beam s with conc urrent debonding were included in the te st series to highlight special behaviors associated with debonded strands; concurrent debonding is not recommended in practice.
Variables
The variables tested on the debonded beams included:
1. Type of debonding cutoff [staggered (S) or concurrent (C)] 2. Embedment length, 4 3. Number of load cycles, N 4. Magnitude and frequency of intermediate static overloads Table 1 gives the debonded length, the type of debonding, and the embedment length for each test specime n. The length of debonding is measured from the end of the beam to the furthest extent of debonding ; if a debonding pattern is staggered, the reported debonded length is that of the longest debonded length.
Embedment length is defined as the distance from the debond termination point to the load point. Fig. 3 illustrates that the embedment length, Le, for Beam DB850-Fl, Test B was 80 in. (2.03 m) . The variables, including the embedment length, the number of load cycles, and the magnitude of the intermediate static overloads were varied for each test, based on results from previous testing. These variations are described in greater detail in the body of the paper.
Fabrication of Test Specimens
Each beam was constructed using the followi ng procedure: the strand and provided a reasonably tight fit. Debonding was sealed by taping each end of the debonding tube, but the seam at the longitudinal split fit tightly and was not taped. The age of the specimens at testing varied due to the length of time required to perform fatigue testing. Significantly , the age of these beams is greater than the age of the companion beams that were tested statically.U For instance, Beam DB850-Fl , the first beam tested in the fatigue series, was tested at an age of about 26 1 days; Beam DB850-F4, the last beam tested in the series, was tested at an average age of 367 days. This contrasts to the statically tested companion specimens that were, on average, only 60 days old at time of testing.
Materials
Prestressing strand was donated by Florida Wire and Cable Company (FWCC). The strand surface was "mill condition" as furnished, having been free from exposure to weathering environments. The strand was maintained in its original co nditi on, as much as possible, throughout the fabrication period. The strand's ultimate strength was specified at 270 ksi (1860 MPa). The seven-wire, low relaxation prestressing strand used for these tests is the current industry standard. The strand's ultimate strength was 283 ksi (1950 MPa), as reported by the manufacturer.
Concrete strengths were designed to be 4500 psi (31 MPa) at release and 6000 psi (41 MPa) for 28-day strength. Concrete strengths for the DB850 series beams are listed in Table 2 .
Testing Apparatus
A typical test setup is shown in Fig.  3 ; the dimensions illustrate the setup and test geometry for Beam DB850-Fl , Test B. As shown, the embedment length, 4, for this test was set at 80 in. The embedment length, Le, and span were varied for each test. A constant moment region 24 in. (610 mm) long was assured for each test by choosing the appropriate geometry. Fig. 4 shows Beam DB850-Fl in position to be tested.
A load controlled, closed loop system applied force to each specimen during the fatigue loadings. The final static test and intermediate static tests were performed with a static hydraulic system to ensure safety. 
Instrumentation
Instrumentation measured the applied load, beam deflections, strand end slips, and strand strains at specified locations. These data were measured electronically and stored by the data acquisition system. Load was measured from an electronic load cell at the point of load application. Deflection and end slips were measured by linear potentiometers. All of the electronic instruments were calibrated prior to testing. Top fiber concrete strains were measured in the constant moment region for each test using mechanical strain gauges.
End slips were measured on seven of the eight strands. The four debonded strands, Strands B, D, F and G, were monitored for end slip on each test. Strand E was the only strand not monitored for end slip due to geometric constraints at the ends of the beams.
(Strand E was fully bonded for all tests and no visible signs of end slips occurred.) Fig. 5 shows the linear potentiometers that were used to measure end slips electronically. End slip measurements of 0.001 in. (0.025 mm) were detected, thus, even very small strand slips did not escape notice.
Fatigue Loads, Static Loads, and Stress Ranges
Each test began with an initial static flexural test to "precrack" the beam, followed by fatigue loading for at least one million cycles. Each load cycle 74 varied load from a minimum of 25 percent to a maximum of 100 percent of the equivalent design service load, Psv · The eq ui valent de sign service load, Psv' is defined as the load required to cause a bottom fiber tension eq ual to 6 {!: , as calcu lated for the uncracked section.
The purpose of the initial static loading was to "precrack" each specimen so that the stress range of the prestressing steel would be larger than the stress range required for an uncracked beam. Previous fatigue tests had shown that little distress occurs before flexural cracks develop. importantly, as the stress range of the prestressing steel increases, the bond stresses between steel and concrete must also increase. Therefore, a higher stress range places greater demand on related bond stresses. The strand stress ra nge for these tests is illustrated in Fig. 6 , where applied moment is plotted vs. strand stress. Strand stresses were computed using the compatible strains method, assuming pure flexural behavior for both cracked and uncracked beam sections. The effective prestress, fse, was computed to be approximately 152 ksi (1050 MPa) based on elongation mea- Table. 3. Summary of beam deflections and strand slips from static tests on Beam DB850-F1 , Test A. surements at stressing, strand strain gauge data, and approxim ated losses using the method outlined by Zia et al. 16 and adopted by PCI.
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Strand stresses are computed fro m the strain at the centroid of the prestressing steel, and using the stress vs. stra in relati o nship suppli ed by th e manufac turer of the strands. The figure indicates that the stress range was 14 .4 ks i (99 MP a) for th e bea ms tes ted. For an un cracked beam, the stress range would be approx imately 10 ksi (69 MPa) .
Periodicall y, fatigue testing was interrupted to conduct a static fl ex ural test. Du ring these intermedi ate tests, overloads (loads greater than service load) were statically appli ed to simulate heav ier than usual truck traffic or permit load s th a t reg ul arly occ ur within the life of a bridge. Overman et a l.
13 no ted th at occas io na l mode st ove rl oads ca n produ ce ex tre me ly detrimental effec ts on the fa tigue behavior of prestressed concrete beams.
In general, overloads varied from 1.3 times the service load to 1.6 times the se rvice load. After an overload cycle, fatigue loading was continued as before, with repeated loads varying between 25 and I 00 percent of service load . Interm edi ate stati c overl oads frequently caused additional damage to the beam in the fo rm of additional end slips or additi onal cracking. After completion of at least one million cycles, each beam was then loaded statically until failure. Two beams, Beams DB 850-F2B and DB 850-F4 , fa il ed durin g in term edi ate load te sts a nd were not loaded for o ne milli on fatigue cycles. For each static test (including initial static tests, intermediate static overloads, and the final static test to failure), the load was increased at regular increments by increasing the hydraulic pressure supplied to the actuator. Data and meas ure ments were recorded at every load increment, approx imately 2.0 to 5.0 kip (9 to 22 kN) increments, until crackin g . Crac king loads and c r ac k loca ti o ns we re no te d a nd recorded.
All special or unique behaviors were noted and crack patterns were marked with a broad ink marker on the specime n. En d slip s we re no ted a nd recorded . Failure was defined by the bea m ' s in a bility to s usta in lo ad through increasing deformations. Flexura l fa ilures res ulted wh e n the to p flange of the beam failed in compres-0.5520 sion. Anchorage failures res ulted in general slip of the strand relati ve to the concrete and a sudden loss of capacity.
Beams DB 850-Fl and DB 850-F2 were each tested twice, once at each end. The first test on each specimen is designated "Test A" while the second test is designated 'Test B." Two tests were possible on these beams because the first test (Test A) did not damage the anchorage zone at the opposite end of the beams. In the cases of Beams DB 850-F3 and DB850-F4, longer develop ment le ngth requireme nts (because of "concurrent" debonding) precluded an effecti ve second test.
TEST RESULTS
In rev iew in g the tes t res ults, th e mode of failure, either flexural failure or bond failure, is the primary indicator of anchorage performance. Flex ural failures are evidenced by crushing of the concrete after yielding of the strand . Furthermore, fl exural failures are characterized by the capability of a beam to res ist th e no min al fl ex ural moment, combined with the ability to sustain load through large deform ations. By meeti ng the dual criteria of capacity and ductility, a beam demon- strand anchorage was wholly sufficient to develop the strand tension required to produce the nominal flexural capacity.
As shown in Table 3 , the initial static test loaded the beam to a maximum flexural load of 62.3 kips (277 kN), or Fatigue loading commenced after completion of the initial static test. The loading history and strand slips are plotted in Fig. 7 . These data are also summarized in Table 3 
. Again, strand slips increased in response to the overload and again, additional repeated loads failed to produce any additional strand slips. Table 3 also records the beam deflections throughout the beam' s loading history. Deflection was measured at the load point. "Zero" deflection equaled the beam deflection before application of any loads. The "Beginning" deflection refers to the absolute deflection before application of a specific load cycle. The "End" deflection refers to the absolute deflection after all loads had been removed at completion of a specific load cycle. The deflection "at P,v" shows the absolute deflection during the test when the equivalent service load, P,, is applied to the beam.
The deflection data indicate that the beam did not undergo any loss in stiffness through the application of 1 million load cycles. Note that in the initial static test, the deflection at service load is significantly less than for other load cycles because the beam has not yet been cracked. Fig. 9 . Values for end slips and beam deflections are listed in Table 4 .
At the initial static load , flexural cracking ex tended to Station 130 [130 in. (3.30 m) from the end of the beam] and did not affect the anchorage of the strands significantly. Accordingly, there was no appreciable strand slip caused by the initial static load. Also, additional strand slips that occurred during the early repeated loads remained very small.
After 386,878 load cycles, the beam was loaded to 1.6 Psv· At this loading, flexural cracking propagated through the transfer zone of the debonded strands at Station 88, well within the debond/transfer zone. Upon formation of this crack, strand slips were initiated and measured to be about 0.13 in. w beam failed at a load of 82.6 kips (367 kN). The applied moment at failure was 5670 kip-in. (641 kN-m) , approximately 94 percent of the calculated flexural capacity. Bond slips at failure were relatively large and, overall, the beam failure must be considered a bond failure . However, the beam behavior was surprisingly similar to a flexural failure, indicated by measurable ductility with final failure brought about by concrete crushing at an average strain of 2470 rnicrostrains.
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Beam DB850-F2, Test A
Like Test B on Beam DB850-F1, this test also set an embedment length of 80 in. (2.03 m). However, results from this test were quite different in that significant strand slips resulted directly from repeated applications of service load.
At the initial static test, flexural cracking extended to Station 106, initiating strand slippage that measured approximately 0.09 in. (2.3 mm) . The initial static test was followed by fatigue loadings where strand slips increased under the influence of repeated loads. This was the only test in this series where large increases of strand slip occurred as a result of repeated loadings at service load. Strand slips increased from 0.09 in. Results of strand slips and deflections through the different load cycles are summarized in Table 5 . Fig. 11 illustrates the loading history and strand slips graphically. The figure depicts the dramatic increase in strand slips as the load cycles increased through the first 26,310 cycles. However, after application of the static load at 26,310 cycles, the increases in strand slips were stabilized .
In the final static test, the beam clearly failed from the loss of bond and strand anchorage. Load vs. deflection and end slip for the final test are shown in Fig. 12 . End slips were quite large at the beginning of the test and strand slips increased until failure of the beam . Failure occurred at 63.8 kips (284 kN) and a moment of 4910 kip-in. (555 kN-m) , only 82 percent of the calculated ultimate load.
Beam DB850-F2, Test B
The embedment length for this test was set at 110 in. (2.79 m) Table 6 and shown graphically in Fig. 13 The beam was loaded to failure after 1,110,222 cycles, as shown in Fig. 14 
Beam DB850-F3
Beams DB850-F3 and DB850-F4 differ from the previous two beams in that the debonding pattern for these two beams was "concurrent," meaning that all four of the debonded strands had the same debonded length. The prediction for anchorage failure pre- 
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Deflection Qn) 
The embedment length for Beam DB850-F3 was chosen to be 120 in. (3.05 m). In the companion beam , Beam DB850-5A, an embedment length of 120 in. (3.05 m) with concurrent debonding caused bond failure.' The loading history for this beam is illustrated in Fig. 15 . Values for load magnitude, strand slips and deflection are presented in Table 7 .
The initial static load of 1. 3 Psv caused little or no damage to the anchorage zone of the debonded strands; flexural cracking was limited to 161 in. (4.09 m) from the end of the beam. Repeated loading of 152,000 cycles produced no significant strand slips. At 152,538 cycles, the specimen was loaded to 1.5 Psv• increasing the load over the previous overloads. Consequently, new flexural cracks formed at Stations 140 and 150; however, measured strand slips from this loading were less than 0.01 in. (0.3 mm) .
In subsequent repeated loading between cycles 152,538 and 414,844, the slip on Strand G increased from 0.0002 to 0.0455 in. (0.005 to 1.2 mm). However, these slips are relatively small; and perhaps more importantly, the strand anchorages stabilized and strand slip did not increase in repeated loadings between 414,844 and 1,085,569 cycles.
After 1,085,569 cycles, the beam was tested statically until failure . Load vs. deflection and end slips are shown in Fig . 16 . At a load of 67.8 kips (302 kN), flexural cracks formed at Stations 87 and 101. Upon formation of these cracks, strand slips increased dramatically . Additional loading brought about further strand slips until the beam finally failed at a load of 74.2 kips (330 kN) , approximately 92 percent of the calculated flexural capacity.
At beam failure , strand slips were measured to be 0.46 in. (11.7 rnrn) on Strand B and 0.42 in. (10.7 mm) on Strand G. It is interesting to note that the beam did fail in flexure due to the ductility available from the fully bonded strands. However, the evi- * Dista nce from the end of the beam.
t Measured sli p at conclusion of stati c test.. dence of significant strand slips combined with a failure load less than the nomin a l fl ex ural capac ity sugges ts th at fa ilure res ulted f ro m a loss of strand anchorage (bond failure).
Beam DB850-F4
The embedment length fo r thi s test was set at 100 in. (2. 54 m), a relati ve ly short embedment length , to correlate anchorage failure with cracking in the transfer zone. The initi al stati c
November-December 1994 loads and the intermediate static loads were relatively small at 1.3 Psv to prevent crackin g through the anchorage zone through the earl y portion of testing, and to investigate whether strand slips can occur solely th rough the acti on of repeated se rvice load s. The load hi story and end slips are plotted in Fig. 17 and li sted in Table 8 . As the figure and tabl e indi cate, there were no significant strand slips before the static load to failure.
The static test at 266, 147 cycles was intended to be an intermediate load to
1.6 f.sv; however, the beam failed before this load was achieved. The load vs. defl ecti on and end slips are illustrated in Fig. 18 . As noted in the figure, strand slips were initiated by propagation of flex ural cracking at Stations 88 and 90 at an applied load of approxim ately 65 kip s (2 89 kN) . Fl ex ura l cracks also fo rmed at Stations 102, 103 and 111 . Strands D and F, which were also debonded fo r a length of 78 in .
( 1.98 m), had strand slips simil ar in magnitude to Strands B and G. Bea m DB 850-F4 fail ed at an applied load of 69.3 kips (308 kN), approximately 1.5 P.sv and 87 percent of its calculated fl exural capacity. After th e initi a l fl e xural crac kin g in th e transfer zo ne of debonded strand s, strand slips increased with increas ing load and the beam fai led in fl ex ure du e to a loss of a nc ho rage of t he debonded strand s. Concrete strain s were not measured during this test.
DISCUSSION OF TEST RESULTS
Strand Slips and Cracking in the Debond!Transfer Zone Table 9 summarizes the incidence of strand sli ps co mpared to cracki ng in the transfer zone of debonded strands. The tabl e lists the load cycle and magnitud e for eac h static overl oad, provided the mag nitude of load exceeded that of previous static tests. Then, for eac h tes t, the location of th e crack nearest the end of the beam (the "extreme" crack) is shown along with the amount of end slip that was measured at th e co mpleti on of th at parti cul ar static test [end slips less than 0.00 1 in . (0.025 mm) are shown as zero]. From these data it can be seen that, without exception, strand slip was initi ated by th e fo rm ati o n o f fle x ur a l c rac ks through or near th e debond/transfer zone. These data demonstrate the critical functi on of cracking in the disruption of strand anchorage.
For exampl e, consider Test B performed on Beam DB 850-F2. Tab le 6 indi cates th at no end slips occ urred until the f in al stati c test. Du ring the fin al stati c test to failure, a fl ex ural crack formed at Station 106, as shown in Fig. 19 . As indicated by the marking on the beam, the crack formed at an applied load of 76 kips (338 kN). The load of 76 kips (338 kN) exceeded all previous loads, thu s causing new flexural cracks to develop nearer to the end regions.
When this crack formed, strand slips were initiated as shown in Fig. 14. As .load was increased to 81 kips (360 kN), another flexural crack formed at Station 94. This crack is shown in Fig.  20 . Strand slips increased dramatically, initiated by the new crack propagating through the debond/transfer zone at Station 94.
The plot in Fig. 14 illustrates therelationship between cracking and increases in strand slip. While strand slips caused by cracking at Station 106 were mode st, the st rand s lips increased more dram atically when the concrete cracked at Station 94. The evidence from these two photographs compared to the incidence of strand slippage demon strate s very clearly that cracking di srupts the anchorage zone of the strand, and that these flexural cracks initiated strand slips.
In another exampleBeam DB850-F I , Test B -a relatively short embedment length of 80 in. (2.03 m) was chosen to determine the bond deterioration that results from repeated loading as compared to bond deterioration initiated by cracking. As shown in Tables 4 and 9 , this specimen demon-84 strated that significant strand slips did not occur until flexural cracking propagated through the debond/transfer zone and that strand slips caused by fatigue loadings were less significant.
For the first 386,877 cyc les, no cracking occurred near the debond/ transfer zone. Not coincidentally, in the absence of cracking no significant strand slips were measured. However, upon application of a larger static overload in test cycle 386,878, flexural cracking formed at Station 88 and strand slips were initiated leading to eventual bond failure.
In Beam DB850-F3, relatively small overloads prevented flexural cracking in the debond/transfer zone for over one million cycles. In the absence of cracking, the strands maintained their anchorage and no strand slip s were observed. However, in the final static test to failure , flexural cracks formed at Stations 87 and 101 , causing appreciable end slip and subsequent bond failure (Fig. 16) .
In every case, despite the number and severity of repeated loads and despite variations in the magnitude and frequency of static overloads, bond slips were initiated by fle xural cracking that propaga ted through the debond/transfer zone. Conversely, if cracking did not propagate through the debond/transfer zone, then strand slips did not occur and strand anchorage was ensured.
From these results, it can be concluded that bond distress and eventu a l bond fai lure re s ult s dire ctly from cracking that propagates through or near the debond/transfer zone. Furthermore, without cracking near the debond/transfer zone, strand anchorage remained undi sturbed through over one million cycles of repeated service loads.
Effects of Repeated Loads on Strand Slips
The strand slip data indicate that large strand slips resulted primarily from the flexural cracking that occurred during the intermediate static overloads . Conversely, the fatigue loading had little effect on the overall bond performance and, in most cases, produced only minor increase s in strand slip. Table 9 . Initial slips were small; however, strand slips increased as repeated loads were applied to the beam . However, in this case the conditions were very specific for the repeated loads to cause additional bond distress during fatigue loading. [n this test, the critical crack formed at the extreme edge of the debond/transfer zone (Station 106) and rendered the strand anchorage susceptible to distress from repeated loads. It is important to note that even in this test, strand slips stabilized after the intermediate static overload applied after 26,310 cycles. The results from these tests indicate that, although some bond deterioration occurs due to fatigue loading, the effects of repeated service loads on strand anchorage are small. Furthermore, strand slips and subsequent bond failures result primarily from significant overloads and not from additional distress caused by repeated service loads. While additional strand slips can occur from the effects of fatigue loading, in general, strand slips that resulted from fatigue were relatively small and did not affect the overall beam performance. In every case, strand slips stabilized after a finite number of load cycles and bond failure did not occur solely from repeated service loads.
To summarize, these results indicate that bond fatigue is not important to the overall performance of pretensioned prestressed concrete beams . Even in the one case where significant strand slips were experienced through the application of repeated loads, the total amount of strand slip eventually stabilized ; despite large strand slips, sufficient anchorage remained available to these strands to develop bond stresses to resist increases in strand tension that result from application of large static overloads.
November-December 1994
First Cracking Loads and Moments
The ability to predict bond slips and subsequent bond failure is dependent on the ability to predict cracking in concrete. In Table II , first cracking is compared to the predicted cracking load. The results demonstrate remarkable accuracy in predicting cracking loads. Beam DB850-F2B cracked at a load only 94 percent of the predicted load ; however, this was the largest disagreement between actual and predicted cracking loads. It should be noted that all of the predicted cracking moments were calculated using the actual tested cylinder strength of the concrete.
Determination of Failure Mode
In these tests, as in many previous test series, ' - 23 the primary question is whether or not the strands were able to develop the tension required to produce the nominal flexural capacity of the cross section. Strand slip is evidence that the strand anchorage may be inadequate to develop the required tension; strand slips indicate that the strand bond may have failed. On the other hand, both the static test series and tests with fully bonded strands have provided many examples of strands that slipped and yet the test specimen still achieved its ultimate flexural capacity. ' 2 These fatigue tests on beams with debonded strands provide even more examples of strands that have slipped and yet the beams still achieved flexural capacity . For instance, Tests DB850-F1 A and DB850-F2B experienced strand slips up to 0.24 in. (6 . 1 mm) , yet each beam was ab le to achieve a ductile flexural failure at a high percentage of the nominal flexural capacity. It is apparent that small amounts of strand slip do not preclude bond stresses from acting to restrain the strand and resist additional strand tension .
In previous tests on fully bonded beams,3.12 it had been relatively simple to differentiate between flexural failure and bond failure . If strands were sufficiently anchored, a beam would fail in flexure. Conversely, if the strand anchorages were insufficient, then the strands failed in bond. Flexural failures were characterized by two criteria: capacity and ductility. If a beam reached its nominal flexural capacity and was able to sustain that load through significant deformations, then the failure was a flexural failure. Conversely, anchorage failures were characterized by gross displacements of the strands relative to the concrete (end slips) and either a lessened capacity or an inability to sustain load.
In the static test series on debonded beams, the differences became more difficult to distinguish because hybrid failures occurred where the beams failed in flexure but the strands exhibited some slip. These hybrid failures are caused, in part, by the combination of fully bonded and debonded strands.
In many cases, where debonded strands may be losing anchorage as a result of cracking in the de bond/transfer zone, the fully bonded strands remain capable of developing the tension required to yield the strands. A typical failure in this case could be a ductile flexural failure, but the flexural capacity may be reduced. In these fatigue tests on debonded beams, it is even more difficult to distinguish between flexural failures and anchorage failures. In every test, significant strand slips occurred. However, in some cases, the beams appeared to achieve their flexural capacity. The difficulty is that the apparent flexural failures of Beams DB850-F1A and DB850-F2B occurred at loads that were only about 93 percent of the calculated capacity. In these cases, the concrete crushed in compression at much lower strains than the crushing strains for the static test series.
For example, consider the final static test on Beam DB850-FlA that was performed after l million cycles. As shown in Table 3 , the beam had 0.29 in. (7.4 mm) of permanent deflec-86 tion. Beam DB850-FLA failed when the concrete crushed at a compressive strain of only 0.002480 in./in. Initial concrete strai n readings were measured before the first static load was applied, so stated concrete strains include the effects from the total load history of the beam.
If the concrete in Beam DB850-FlA had demonstrated a hi gher strain capacity , then failure would have occurred at a higher load, simi lar to its statically tested companion bea m. From these data, it is concluded that Beam DB850-F1A failed in flexure even though failure was only 93 percent of the calculated nominal capacity. A similar argument can be made that Beam DB850-F2B also failed in flexure. 
Comparison of Results With Predicted Behavior
A behavioral model for the prediction of anchorage failure in beams containing debonded strands was presented in the September-October 1994 issue of the PCI JOURNAL. 1 The premise for the model is that strand anchorage is likely to fail when cracks propagate through the transfer zone of a strand . By predicting the formation of cracks, bond fai lure is also predicted.
In Fig. 21 , the test results from the fatigue test series are overlaid on the pred iction mod el. For beams with staggered debond termination points, the behavioral model predicts flexural failure for embedment lengths in excess of approximately 100 in. (2.54 m) and anchorage failures for embedment lengths less than 100 in. (2.54 m).
Two tests with staggered debonding, Test B on Beam DB 850-F1 (FI B) and Test A on Beam DB 850-F2 (F2A), clearly failed in bond at embedment lengths of 80 in. (2 .03 m). In these tests , flexural cracking that propagated through the transfer zones of debonded strand s caused anch orage failure of the pretensioned strands. At fai lure, strand slips exceeded 0.6 in . (15.2 mm) .
Test B on Beam DB850-Fl (FIB) and Test A on DB 850-Fl (F2A) both contained staggered debonding with embedment lengths of 100 and 110 in. (2.54 and 2.79 m), respectively. Results from these two tests are less conclusive, and failures can best be described as hybrid failures that developed ductile failures, but at capacities less than the calculated capacity and with strand slips of approximately 0.2 in. (5 mm). Despite the hybrid failures, the relationship between cracking and bond failure is clearly demonstrated by these two tests. In both cases, cracking in the transfer zones of debonded strands resulted in strand slippage and anchorage failure.
The two tests performed on specimens with concurrent debonding, Beams DB850-F3 and F4, were tested with relatively short embedment lengths, 120 and 100 in. . Both of these tests failed in bond, as expected. Again, the failures from both tests demonstrated that strand slips did not occur until flexural cracking propagated through the transfer zone of the debonded strands; and significantly, strand slips and anchorage failure were not induced by the repetition of service loads to failure.
From these tests, the behavioral model can clearly be used to predict the behavior of pretensioned beams
November-December 1994 made with debonded strands. In every case, the formation of cracks through the transfer zones of debonded strands eventually caused bond failure. The two hybrid failures are located close to a "borderline" on the prediction model, so a mixed failure is not entirely unexpected. More significantly, fatigue loading resulted in only slight deterioration of strand anchorage, as evidenced by increasing bond slips.
CONCLUSIONS
1. The behavior of beams made with debonded strands is predictable and reliable. Therefore, the use of debonded strands should be considered safe, provided that the transfer zone of debonded strands is not allowed to extend into regions where cracking will occur at ultimate loading.
2. The formation of flexural cracking through the transfer zones of debonded strands caused the debonded strands to slip. In every case, strand slip was initiated by a crack through the debond/transfer zone.
3. Fatigue loading had a small detrimental effect on strand anchorage. While fatigue loading did cause small increases in strand slip, in every case strand slip stabilized after a finite number of loads or after application of a static load, and subsequent beam failure was governed by beam behavior under static loads.
4. Bond failures in beams with debonded strands resulted in ductile failures, even though the flexural strength of the beam was reduced from its calculated nominal flexural capacity.
RECOMMENDATIONS
1. Debonded strands should be allowed as an alternative to draped strands; however, the debond/transfer zone should not extend into regions of flexural cracking.
2. Debond termination points should be staggered to increase the beam's resistance to cracking in the debond/transfer zone.
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